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Introduction

The Air Force Technical Applications Center (AFTAC), in cooperation with the Centre National
Pour La Recherche Scientifique et Technique Laboratore De Geophysique (CNRST), recently
investigated potential seismic array sites in Morocco. Three potential sites were identified and
investigated to determine which was the most viable. This report describes the site investigation
process and summarizes the results of the site surveys.

Site Survey Format.

The site survey format in this report includes:

e Area map showing survey station sites
e General description of site and surrounding area
Site description
Site geology
Noise spectra
Noise and event data
Topographic map showing coordinates and elevation
e Accessibility
e Power availability
e Communications availability
e Site comparison tables

Site Selection Criteria.

Several criteria are used in the site selection process. Information related to these criteria are
addressed in this report. The criteria are:

e [ owest seismic noise level

e Highest signal-to-noise ratio

e Competent rock for seismometer emplacement

e Suitable topography for line-of-sight radio telemetry
¢ Physical accessibility via existing roads

e Power/communications availability

e Logistical supportability

Site Selection Process.

The basic steps for site selection are:

» Conduct literature study to select candidate locations for site surveys
o Conduct field survey at each candidate location and collect seismic noise data
e Compile and evaluate all data

The site investigation for the Moroccan seismic array followed this process.

1 Morocco Noise Survey Report



Pre-Survey Studies

The initial step in selecting candidate sites was to gather available information on the area,
including topography, geology, climate, and other characteristics which are considered in the site
selection process. Geologic and topographic maps were obtained for several areas and were used
to identify potential array locations. In this initial search, the main consideration focused on
identifying sites with a high probability of finding granite at the surface for adequate sensor
coupling and regional signal detection. In addition, the topography of the site had to facilitate line-
of-sight radio communications within a 4-kilometer array aperture. Fourteen sites were initially
selected for the investigation throughout northern and central Morocco. Eleven sites were
eliminated because they were too close to a sea coast, too small to support an array, or had too much
relief. The following paragraphs provide descriptions of the tectonic setting, geology, and cultural
activities found in the areas of the three remaining sites.

Appendix A provides pre-survey material consisting of maps and imagery.

Morocco Noise Survey Report 2




General Location Map of the Survey Areas.

The general survey areas are shown on the Morocco country map indicated by green circles in
Figure 1 below. Site 1 is located about 60 kilometers (km) southwest of the town of Oujda and
about 80 km south of the Mediterranean Sea coast. Site 2 is located about 50 km west of the town
of Midelt between the High Atlas Mountains to the north and the Middle Atlas Mountains to the
south. Site 3 is located south of the High Atlas Mountains about 30 km south of the town of
Tinerhir. Paved all-weather highways connect most major towns throughout the country. The
roads into the survey areas are either gravel or unimproved dirt.

Location Map of Survey Areas
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Figure 1. Political map of Morocco with the general areas of investigation circled.
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General Geologic Map of Survey Areas.

On the geologic map shown (Figure 2) are outlined the boundary areas of the three sites identified
for additional investigation. Each of these sites will now be described in more detail.

Geologic Map of Survey Areas

Figure 2a. Geology map of Morocco indicating locations of the three sites. Granitic rocks are
denoted as solid red. Green circles show survey areas.
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Site 1 (Oujda) Description.

Geology Summary. This area has a small granitic intrusive. A portion of a geologic map of this
area follows Site 1 survey area is circled in black.

Geologic Map of Site 1

34°22'N

34°20N

Figure 3a. Location of the granitic intrusive for Site 1.
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Figure 4. Landsat image of the area proposed for Site 1. Note the rough topography outside of
the immediate area.
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Noise Survey. Noise data were collected from a 5-sensor circular array with a diameter of
approximately 1 km. See Appendix A, Sensor Coordinates, for the sensor locations. We used the
highest hill in the middle of our 5-sensor array for our intrasite communications due to the many
depressions and creek beds found in this rough terrain.

Topographic Map of Site 1
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Figure 5. Map of Site 1 survey area. Site 1 is of low-to-moderate relief and is dissected by several
small river valleys. An unimproved dirt road leads from the town of Tanacherfi east
into Site 1.

Cultural Noise Sources. This is mainly an agricultural area used for farming and grazing. There
are several wells in the area which use gasoline-powered pumps to irrigate the fields. There are
dirt roads throughout the area and paved roads to the west and north of the site. Traffic appears to
be light. No heavy industry or power generation exists in this area. About 15 km south of the site,
the Moulouya River is dammed by a 100-meter dam. No hydroelectric power is generated by this
dam. Dozens of daily explosions were noted in the analysis, coming from the east.
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View of Site 1

)

igure 6. Photo of Site 1 survey area.

Accessibility. Access to the survey area is via paved road to the town of Tanacherfi, and through
the center of the proposed array area. Dirt roads lead off of this paved road into other locations in
the proposed array area.

Communications Consideration. A microwave link was noted in the town, and a nearby high
mountain top had an army communications center and a television transmission tower.

Power. Commercial power is available approximately 2 km from site.

Land Owner. The land is community/township owned.

Morocco Noise Survey Report 10



Site 2 (Midelt) Description.

Geology Summary. The area of Site 2 has a small granitic intrusive, surrounded by sedimentary
rocks. The granitic rocks are exposed at the surface with, at most, several meters thickness of the
sedimentary rocks on top.

Geologic Map of Site 2

e ———

Figure 7. Location of the survey area for Site 2.
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Figure 8. Landsat image of granite for Site 2 with a 4 km array superimposed. Note that the plateau is
deeply dissected, and a highway runs along the north and west perimeters.
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Noise Survey. Noise data were collected from a 3-sensor triangular array with a diameter of
approximately 0.5 km. The array consisted of two Guralp ESPDs and one GS13. See Appendix
A, Sensor Coordinates, for the sensor locations. Additional data were collected in the Midelt vault
(MDT) located 46 km to the east, and used both for comparison to this site and in the event location
procedures.

Topographic Map of Site 2
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Figure 9. Site 2 data collection area. Approximate location of Site 2 survey area denoted by green
circle. The site is located on a plateau of moderate relief which is dissected by a small
river. The station MDT is located northeast of Mibladen along the Moulouya River and
shown with a magenta circle.

Cultural Noise Sources. The area is surrounded by paved roads; however, the traffic is generally
light and consists primarily of farm vehicles, light trucks, and automobiles. A high voltage
transmission line with towers is on the northern half of the site. Drilling of a deep well was noted
about 15 km from the site, and others may exist in the area for farming. The area near the site is
matinly an agricultural area; however, there are many abandoned galena mines, some of which only
appear to be recently abandoned. The prospects of reactivation appear low according to our host.
Interestingly, the seismic noise data indicated a large difference in the background noise between
the weekday and weekend for this site (see the accompanying noise section). In addition, the
station MDT had a much lower background noise level overall. The source of this increased
seismic noise is obviously due to cultural activities which were never identified as coming from
the immediate vicinity of Boumia. Boumia is mainly a small village supporting agricultural
activity in the surrounding countryside, with no heavy industry noted. A dam 150 meters tall is
being constructed about 35 kilometers to the east along the Moulouya River. This dam is too far
away to be of consequential significance with respect to the seismic noise level.
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View of Site 2

S —

Figure 10. View of Site 2, showing a typical sensor emplacement. Note the rolling topography on

the plateau. However, looks are deceiving as the plateau is deeply dissected by stream
beds running through this site as seen from the Landsat imagery in the map appendix.

Accessibility. Paved roads surround the perimeter of the proposed site on all sides, with the last
3 km of the survey area accessible by a dirt farm road.

Communications Consideration. A microwave communications tower was also noted on a
nearby hill north of Boumia on the northern portion of the granite and another in the village of
Boumia.

Power. Commercial power is available approximately 5 km from the survey site, with power lines
noted parallel to the paved farm roads surrounding the site.

Land Owner. The land is state-owned.
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Site 3 (Tinerhir) Description.

Geology Summary. This area has a very large Precambrian granitic intrusive, surrounded by
volcanic extrusive rocks. In the actual proposed location of the array, there is a thick Quaternary
layer of sediments whose depth was not determined, but could be as much as 100 meters thick in
places based on the amount of sediment noted being delivered to the valley and the lack of
outcrops. See the following photograph of the geologic map.

Geologic Map of Site 3
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Figure 11a. Geological map of Site 3 granitic intrusive. Approximate location of Site 3 survey
denoted by green circle. The granite appears to be a few meters below the surface in
most places.
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Figure 11b. Geology key to Figure 11a.
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Topographic Map of Site 3
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Figure 12. Topographic map of area around Site 3. On this map the circle is approximately 4 km.
Contour interval is 20 meters.
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Figure 14. Landsat image of the Site 3 area as indicated in the geologic map. Note that the volcanics tend
to have a bluish color tint while the granite is more reddish. One can clearly trace the granite/
volcanic boundary in this photograph. The mountains in the lower right of the photograph, al-
though in granite, are deeply dissected with 300-meter canyons, making location of the array
in the mountains impossible. The only feasible area is that outlined by the circle.
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Site 3 Spot Image
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Figure 15. Spot image of Site 3 proposed array location with 25-meter contours superimposed.
Proposed center is at approximately 31° 17 19” N and 5° 34" 47” W. We would have
a straight line-of-sight to all locations from the hill left of center with one contour line
superimposed, without the use of repeaters. Note we are also outside the cultivated
area.
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Noise Survey. Noise data were collected from a 6-sensor circular array with a diameter of
approximately 1 km. See Appendix A, Sensor Coordinates, for the sensor locations. In addition,
a single short-period GS13 sensor was deployed in the center of the array. Data were collected for
6 days.

View of Site 3

Figure 16. View of Site 3, showmg the levelncss of the valley floor, and potentially th
sediments. This observation point is clearly shown on the Spot image (Fi 1gure 15) and
is recommended for the approximate array center and communications collection point.

Cultural Noise Sources. This site is mainly an agricultural area used for grazing. Small
explosions were detected from a mine/quarry located approximately 15 km to the northwest. The
position of this quarry with respect to the array location is shown in Figure 17.

Accessibility. The area is accessible by dirt road.

Communications Consideration. No communications towers were noted in the area. Data may
have to be transmitted by satellite from this location, due to its remoteness.

Power. No commercial power is available on-site. The closest location of a step-down
transformer noted is in the village of Ikniouln, which is 20 km away from the proposed site. It was
observed, however, that the villagers in the adjacent town several kilometers away from the
proposed array location had electric power. The villagers said the power was part of a separate
cooperative from the main Moroccan power grid, and that the power was reliable.
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Land Owner. The land is state-owned.
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Figure 17. Location of mine is at 31° 21" N and 5° 44’ W, about 14 km from the proposed array
location at 31° 17” 19” N and 5° 34" 47” W. The mine has a blueish tint to it, and has a
magenta circle surrounding it. The array location is indicated by a green circle. The
rocks to the east and southeast are still in the granite body but are too highly dissected
with canyons, several hundred meters deep, for easy array emplacement. The rocks at
about the 4 o’clock position on the green circle have 300 meters relief, which is difficult
to see at this scale.
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Noise Spectra Analysis

Introduction.

Seismic data were collected at each survey location and the Midelt (station MDT) vault. For Site
1, the instruments consisted of five 3-component broadband Guralp sensors. At Site 2, the data
were collected using two vertical broadband Guralp sensors and one short-period Geotech GS13.
A full array of five Guralp sensors was intended for Site 2, but due to difficulties operating the
equipment, only two of the Guralps provided data. Atthe Midelt vault, located in a horizontal mine
shaft 100 meters inside a mountain with 100 meters of overburden, we set up three GS13s and a
Reftek 130 digitizer/data recorder. At Site 3, we collected data from six broadband Guralp sensors,
and a GS13 connected to a Reftek 130. The Guralps were connected to a radio network and data
were forwarded to a central collection point. There were frequent dropouts on the Guralp system
data. These dropouts complicated the data analysis, but were acceptable since only segments of
the data were of interest. For Site 1, only Guralp sensors were used for the noise analysis. At Sites
2 and 3, noise spectra were determined with both the Guralp and Reftek digitizers and seismometer
systems. The Guralp seismometer is an active sensor. The GS13 seismometer is a passive sensor,
with a large voltage output. The system noise on the Guralps was larger than the background noise
above about 7 Hertz (Hz), as can be seen in the spectral plots of Figure 5, Appendix B, comparing
the Reftek and Guralp systems. Details of the calibration procedures used are provided in
Appendix B, Calibration and Spectral Methods and Results, along with the instrument nominal
response curves for phase and amplitude.

Objective of Noise Spectra Computation.

Our objective was to compare noise spectra for day and night, and workday and weekend
segments. For Site 1, we compared spectra on Wednesday and Saturday, and for Site 2 on
Thursday and Saturday. For Site 3, however, we never managed to obtain a full day of weekend
data so, consequently, data on Wednesday and Friday were used. The samples chosen for analysis
were S-minute segments occurring between 0600 and 1800 local time for daytime segments, and
segments occurring between 1800 and 0600 local time for nighttime segments. This allowed
comparison of background seismic noise between systems for both day and night conditions.
Noise conditions are generally quieter at night. We would find the quietest S-minute period in each
half hour block of data for the noise spectra computation. An appropriate data waveform segment
for noise analysis is background noise containing no seismic events, no spikes or gaps due to an
error in data transmission, and without clipping. After the appropriate data waveforms were
selected, the mean and linear trend were removed from the data waveform. The power spectra
were produced by auto-correlating the waveform segment using overlapping windows. The
windows were formed using a Hanning window function, with an overlap of 50%. The auto-
correlation was averaged over the number of windows used, the discrete Fourier transform was
taken to produce the power spectral density, and the instrument frequency response was removed
from the power spectra by the process of deconvolution. For each 300-second (5-minute)
waveform segment, representing 12,000 points at a sampling rate of 40 samples per second, a total
of 30 15-second (600-point) windows were used. The spectra were then stacked to determine mean
values and standard deviations.
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Noise Data Presentation.

Data are reported in a series of tables presented here at 1 and 6 Hertz, and representative power
spectra are displayed for each site. The complete series of power spectra measured are shown in
the Power Spectral Noise Plots, Appendix C. In addition, the actual spectra themselves show the
characteristics of the noise over the entire frequency band of interest. Interesting features, such as
spectral lines or peaks, show up and are generally due to man-made causes such as rock crushers,
pumps, generators, and other cyclic sources of cultural noise. In addition, one can determine in
which part of the frequency band the array will perform best. Three standard deviations are also
shown on the plots from which the variability of the noise can be determined, along with the
models for the Peterson New Low Noise and High Noise models (Jon Peterson, 1993). These
Peterson models are an aggregate taken from a number of stations representing the lowest and
highest noise measured at existing stations.

Noise Data Results.

The objective is to obtain a site with as low a noise value as possible. Generally speaking, sites
more distant from the coast will have a lower noise value than those near a coastline. We have
found from other site surveys that the coastal effect can be observed hundreds of kilometers inland.
Another factor is the rock impedance (density times P-wave velocity). The contrast between high
impedance intrusive rocks and lower impedance weathered country rocks naturally rejects
horizontally arriving energy from nearby sources of noise while allowing for more vertically
arriving energy from more distant sources. Thus, seismic observations made on high impedance
granitic intrusives have consistently resulted in (1) lower overall noise and (2) higher signal-to-
noise ratios, with higher density rocks performing better than low density rocks. There is also some
indication that low density overburden on top of the high density rock will trap the wind noise
(Young et al., 1996). For these reasons, we generally seek intrusive rock formations as far as
possible from a coastline in areas of low cultural activity. If possible, boreholes are located in areas
with some overburden. The spectral noise results, we will now show, support these generalities in
Morocco.

A typical spectral curve for each site investigated is shown in Figures 18-21. These are plots of
the displacement power as a function of frequency.
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Figure 18. Daytime Power Spectral Density for Site 1. These data were computed on background
noise segments with no regional events observed in the time domain traces. Note that
at 1 Hz the power spectral density is above the reference level at 0 decibels (dB). In
addition, there are several spectral lines noted here, one at approximately 7 Hz and one
at 8.5 Hz. The large jump in the power at approximately 17 Hz is due to the effects of
the anti-alias filter not being deconvolved, and is not real. In many cases, we are
measuring instrument noise above 7 Hz for the Guralps.
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Figure 19. Daytime Power Spectral Density for Site 2. There is less variability for this spectrum,
fewer large spectral peaks, and a slightly lower noise value at 1 Hz.
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Figure 20. Daytime Power Spectral Density for Site 3. At 1 Hz, the power spectral density is
considerably lower than the two previous sites. In addition, the power spectral density
is lower for the higher frequencies with the exception of a notable peak at about 3.5 Hz.
This peak disappears consistently at night as seen in Figure C-28 in Appendix C,

confirming its cultural source.

27

Morocco Noise Survey Report



0 Morocco GS13 Midelt Vault NOISE POWER SPECTRAL DENSITY for SHZ 2005035
T TSI T 7

l ' '\'!!I BE R TR

T
ninfn.dis

1: Hertz: -5.3 #/- 1.5 dB; 6 Hertz: -39,5 +/

il i i L I B

T 6 8 . 2 4 6

L

8

Frequency — Hz

Figure 21. Daytime Power Spectral Density for the Midelt Vault. The power spectral density is
comparable at 1 Hz to Site 3. In addition, we do not see the large spectral lines below
10 Hz, although there is a large one above 10 Hz. Also, the standard deviation is low,
reflecting the fact that this site is below ground and wind noise attenuated.

We can also superimpose spectra from different sites for comparison. We show this in Figure 22
for daytime values, and in Figure 23 for nighttime values.
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Figure 22. Weekday daytime values plotted for Sites 1, 2 and 3.
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Nighttime
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Figure 23. Comparison of power spectral values for weekdays at nighttime.
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Figure 24. Power spectral density comparison for Site 3 mine blasts. Site 3 has a mine located 14
km to the northwest. At times, explosive shots were seen going through the temporary
array from this direction. The spectra of one of these shots is presented in this figure in
red, with the background noise in blue. The spectrum is spread out over most of the
usable signal band, indicating the impulsive nature of the signals. The impulsive
signals have a correlation coefficient of 0.6 across an array distance of 1 km
perpendicular to the wavefront. The 4 km array will decorrelate these signals better
than the temporary array which has only a 1 km aperture.

The values and averages at 1 and 6 Hz are summarized in Tables 1-3. Following these, some of
these values are plotted in Figures 25-27, and a discussion of the observations follows in the next
section.
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Table 1: Daytime Noise Values (All Sites)

Displ. Standard Displ.
PSD (dB)rel | peviation | PSD (dB)rel Standard
to 1 nm?Hz (dB) to1nm?Hz | Deviation (dB)
Year / Day of (1 Hz, (1 Hz, (6 Hz, (6 Hz,
Name Year Daytime) Daytime) Daytime) Daytime)

NLNM N/A -18.0 N/A -49.8 N/A
NHNM N/A 32.0 N/A +21.6 N/A
Guralp site 1 2005019 +3.0 2.6 -40.5 3.7
Guralp site 1 2005023 -4.0 48 -39.8 5.8
Average site 1 N/A -0.5 7.2 -40.1 0.8
MDT vault 2005033 -5.2 1.9 -39.1 3.1
MDT vault 2005035 -5.5 1.5 -32.5 3.1
Average MDT N/A -5.4 0.3 -39.3 0.5
vault

Reftek site 2 2005041 +4.9 1.1 -35.6 2.7
Guralp site 2 2005041 +5.0 0.7 -39.8 2.6
Reftek site 2 2005043 -1.6 2.7 -37.9 3.6
Guralp site 2 2005043 -0.8 2.1v -41.1 2.0
Average site 2 N/A +1.9 5.2 -38.6 3.5
Reftek site 3 2005033 -3.1 1.4 -46.1 4?
Guralp site 3 2005033 -3.1 2.0 -42.5 25
Reftek site 3 2005035 -4.8 1.0 -41.3 48
Guralp site 3 2005035 5.2 1.2 -43.8 5.2
Average site 3 N/A -4.0 1.6 -41.3 3.9
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Table 2: Nighttime Noise Values (All Sites)

Displ. Standard Displ.
PSD (dB)rel | peviation | PSD (dB)rel Standard
to 1 nm?Hz (dB) to 1 nmZHz | Deviation (dB)
Year / Day of (1 Hz, (1 Hz, (6 Hz, (6 Hz,

Name Year Nighttime) Nighttime) Nighttime) Nighttime)
NLNM N/A -18.0 N/A -49.8 N/A
NHNM N/A 32.0 N/A +21.6 N/A
Guralp site 1 2005019 4.7 45 -43.1 3.9
Guralp site 1 2005023 -4.5 2.3 -46.3 3.3
Average site 1 N/A +0.1 0.4 -44.7 3.3
MDT vault 2005033 -4.9 1.1 -42.0 1.6
MDT vault 2005035 -5.1 1.5 411 3.0
Average MDT N/A -5.0 0.3 -41.6 0.9
Reftek site 2 2005041 45 1.2 -39.7 47
Guralp site 2 2005041 52 0.9 -43.1 24
Reftek site 2 2005043 0.7 2.7 -38.5 8.5
Guralp site 2 2005043 0.6 22 -43.7 20
Average site 2 N/A +2.7 35 -41.2 3.7
Reftek site 3 2005033 -3.9 e -45.3 5.5
Guralp site 3 2005033 -4.0 1.5 -47 1 2.6
Reftek site 3 2005035 -4.9 1.9 -43.7 3.3
Guralp site 3 2005035 -5.3 1.6 -47.2 24
Average site 3 N/A -4.5 1.0 -45.8 24
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Table 3: Summary Table of Daily Averages

Displ. Standard Displ.
PSD (dB)rel | peviation | PSD (dB)rel Standard
to 1nm?Hz (dB) to iInm?Hz | Deviation (dB)
(1 Hz, (1 Hz, (6 Hz, (24 (6 Hz,
Name 24 hours) 24 hours) hours) 24 hours)
NLNM -18.0 N/A -49.8 N/A
NHNM 32.0 N/A +21.6 N/A
Site 1 -0.2 6.9 -42.4 4.3
MDT vault -5.2 0.4 -40.4 2.0
Site 2 +2.3 4.1 -39.9 3.9
Site 3 -4.3 1.3 -43.6 4.6
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Summary Noise Values @ 1 Hertz
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Figure 25. Summary values at 1 Hz for the three sites and MDT. It is clear that Site 3 and MDT
have superior performance at 1 Hz.
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Summary Noise Values @ 6 Hertz
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Figure 26. Comparison of daytime values at 6 Hz. Again, Site 3 has the Jowest noise.
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Weekday and Weekend noise @ 1 Hz
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Figure 27. Comparison of 1 Hz noise values for Wednesday and Sunday for Sites 1 and 2, and for
Wednesday and Friday for Sites 3 and MDT. It is obvious that at Sites 1 and 2, there
1s much more cultural noise present on workdays. The same data were not collected for
Site 3; however, one can see that Wednesday is noisier than Friday. In addition, Sites

3 and MDT are much quieter overall.
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Discussion.

Site 1 1s much closer to the ocean than Sites 2 and 3, and would, therefore, be expected to have
higher background noise values. What is surprising is that on weekends Site 1 is very quiet,
indicating that the main cause of the increased noise is cultural, not due to its proximity to the coast.
The high noise values measured at Site 2 were surprising, as the vault at MDT is only about 40 km
to the east. The low value of the background noise for Site 3 was anticipated based on its distance
from the coast. The fact that the cultural noise from the daytime is not much higher than for the
nighttime indicates that overall cultural activity at Site 3 is not a major noise factor. The source of
this noise is mainly the mine which is 14 km to the northwest. The mine noise would be effectively
decorrelated by the 4 km diameter array. In addition, several dB noise reduction could be realized
at 1 Hz and more at higher frequencies by puiting the sensors in boreholes, making the site superior
to MDT which is already in a vault.
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Event Location Analysis

Introduction.

The main use of the proposed array by our host will be to monitor in-country seismicity. Therefore,
one objective of our site survey was to determine the capability of each of the proposed sites to
record regional events within Morocco. We wanted to demonstrate to our host that our main
objective, which was to pick the quietest location in Morocco, was also consistent with their
mission requirement to monitor in-country seismicity. To accomplish this objective, a large
number of regional events were recorded from each of the three prospective array locations. We
set up a temporary array at each of the three proposed site locations for the time periods described
in Table 4. In addition, we deployed three GS13 seismometers and a Reftek130 digitizer in the
vault at the Midelt site MDT along the three cardinal axes: north, east, and vertical, in order to
provide a second station for input to the event formation process for Sites 2 and 3. We took the
difference between the P and S arrival times and the temporary array azimuth to determine the
locations. In addition, for a number of the events at Sites 2 and 3, we obtained arrival times and
azimuth information from the sensors we placed in the Midelt vault. Location accuracies depended
on the distance from the event, the number of contributing stations (which was either one or two),
and the accuracy of the P and S arrival times and azimuth information. Our main objective was to
determine the capability of each proposed array locations to detect regional events within Morocco
and the approximate region within the country where they resided. Better locations could have
been determined if we had also used the internal Moroccan network.

Table 4: Recording Times and Duration at Sites

Site On-Time Off-Time Duration in Hours
1 1/19/2005 00:00 1/24/2005 08:00 128.0
2 2/09/2005 15:00 02/13/2005 07:30 88.5
3 1/30/2005 17:00 02/05/2005 08:00 135.0
MDT 1/26/2005 12:00 02/12/2005 10:00 410.0

Calibration of Travel Times for P and S Waves.

In order to use the S minus P times for distance determination we first had to calibrate the regional
velocity curves for these phases. The Moroccans gave us the list of events in Table 5 which were
located with their local network. We then found a number of these events that had been recorded
at each of our temporary array locations and the Midelt vault. From this information, we generated
the distance and arrival time information in Table 6. A linear regression was performed on the data
in Table 6 and is shown in Figures 28 and 29 for P and S waves, respectively. The resulting
regional travel time curves from the regressions were incorporated into the travel time models,
which were subsequently used for location determination.
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Table 5: List of Reference Events in Morocco During Survey

Event | Day [Month| Year | Hour | Min Sec L:It' L%Eg' Mag Locality ii;z;\‘l,eegt

32 17 01 | 2005 18 38 12.39 | 34988 | 3.897 3.1 TIFAROUINE 1
(AL HOCEIMA)

33 17 0l | 2005 22 30 | 40.02 | 34950 | 2.873 33 | OULAD SETTOUT (NADOR) ]

34 (9 01 | 2005 20 33 17.37 | 35.078 | 3.617 23 | BNIMARGHNINE (NADOR) none

35 19 0l | 2005 21 28 14.11 | 35.036 | 3.719 2.1 TROUGOUT (NADOR) 1

36 20 01 | 2005 00 07 17.08 | 35.056 | 3.692 2.3 TROUGOUT (NADOR) 1

37 21 01 | 2005 18 39 7.76 | 35.081 | 2.801 3.0 BOUARG (NADOR) 1

38 23 01 | 2005 19 07 | 25.16 | 33.671 | 5.962 2.7 KHEMISSET |

39 26 01 | 2005 03 59 | 25.43 | 35.053 | 2.732 3.4 AREKMANE (NADOR) none

40 26 01 | 2005 04 33 | 4399 | 35.076 | 3.728 24 TROUGOUT (NADOR) none

41 26 01 | 2005 06 30 485 | 34.623 | 9.712 3.1 ATLANTIQUE none

42 28 01 | 2005 16 00 9.83 | 35.115 | 3.729 23 | OULAD AMGHAR (NADOR) | MDT

43 29 01 | 2005 07 41 35.76 | 37.774 | 1.906 4.5 ESPAGNE MDT

44 29 01 | 2005 19 28 | 3422 | 36.608 | 7.517 3.5 ATLANTIQUE MDT

45 30 01 | 2005 17 09 | 55.54 | 35.037 | 3.802 3.2 BNI BOUAYACHE MDT 3
(AL HOCEIMA)

46 30 01 | 2005 22 19 16.60 | 35.045 | 3.798 28 BNI BOUAYACHE MDT
(AL HOCEIMA)

47 30 01 | 2005 22 20 | 24.60 | 35.045 | 3.798 2.7 BNI BOUAYACHE 3
(AL HOCEIMA)

49 02 02 | 2005 00 47 | 05.77 | 35.063 | 3.791 33 NEKKOUR

50 03 02 | 2005 06 40 | 08.49 | 35.195 | 3.827 2.8 AIT YOUSSEF OUALI MDT

51 03 02 | 2005 11 40 | 3397 | 37.938 | 1.740 43 SUD D’ESPAGNE MDT 3

52 03 02 | 2005 11 58 12.92 | 35.240 | 3.760 2.8 LARGE NADOR MDT

53 03 02 | 2005 01 09 | 41.76 | 37.884 | 1.636 3.7 SUD D’ESPAGNE MDT 3

54 04 02 | 2005 07 36 11.67 | 35.075 | 3.812 22 BNI BOUAYACHE MDT
(AL HOCEIMA)

35 04 02 | 2005 03 56 04.74 | 33.128 | 5.318 3.0 OUM RABIA (KHENIFRA) MDT

56 05 02 | 2005 12 38 19.11 | 35.073 | 3.718 22 TROUGOUT (NADOR) not

observed
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Table 5: List of Reference Events in Morocco During Survey (Continued)

Event| Day [Month| Year | Hour | Min Sec L:Jt' L(\);g. Mag Locality itzei::;
57 05 02 | 2005 22 32 58.88 | 35.056 | 3.733 2.1 TROUGOUT (NADOR) MDT
58 06 02 | 2005 02 46 05.77 | 35.208 | 3.983 33 |[IZEMOUREN (AL HOCEIMA) MDT
59 07 02 | 2005 22 18 33.84 | 34.936 | 2.588 2.8 OULAD DAOUD ZKHANINE MDT

(NADOR)
60 08 02 | 2005 06 47 1535 | 35.109 | 3.764 24 TROUGOUT (NADOR) MDT
61 09 02 | 2005 05 24 41.05 | 35.075 | 3.707 29 TROUGOUT (NADOR) MDT
62 11 02 | 2005 05 38 52.83 | 35.017 | 3.681 25 BNI MARGHNINE (NADOR) MDT
63 12 02 | 2005 05 38 52.83 | 35.017 | 3.681 2.5 BNI MARGHNINE (NADOR) site 2

Table 6: P- and S-Wave Reference Event Travel Time Data

Distance in P-wave travel time | S- wave travel time
kilometers in seconds in seconds
71.2 14.2 24.0
74.5 13.9 22.3
82.3 14.4 23.7
126.8 23.0 39.1
127.9 22.2 38.9
139.0 23.7 41.2
206.8 34.1 59.1
258.1 36.3 62.4
259.1 40.3 61.8
259.1 41.0 62.0
259.1 41.1 73.6
261.3 40.3 61.3
261.3 40.6 70.5
261.3 41.9 71.8
264.6 40.9 71.8
266.9 41.2 63.8
272.4 40.4 70.5
273.5 40.9 70.3
280.2 429 86.4
300.3 45.6 not observed
320.2 47.8 76.1
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Table 6: P- and S-Wave Reference Event Travel Time Data (Continued)

Distance in P-wave travel time | S- wave travel time
kilometers in seconds in seconds
449.2 60.3 121.4
450.3 60.3 122.2
452.6 59.9 125.0
471.5 63.6 122.4
498.2 65.1 113.2
602.7 79.1 139.1
618.3 76.3 138.0
624.9 82.5 143.6
626.0 82.0 145.2
818.4 102.5 179.1
819.5 819.5 185.2
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Morocco P-wave Model

Ragrassion Model
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Figure 28. Linear regression and resulting P-wave travel time model. The P-wave velocity which
is the reciprocal of the slope is 8.64 km per second. The error bars are also shown which
are one standard deviation from the regression line. CC is the correlation coefficient,
and SEE is the standard error estimate.
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Morocco S-wave Model

Regression Model
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Figure 29. Linear regression and resulting S-wave travel time model. The S-wave velocity is the
inverse of the slope or 4.6 km per second.
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Event Analysis.

Tables in Appendix D, Event Tables, provide event latitude, longitude, and origin time for each of
the three proposed site locations. Figures 30-33 provide event locations for those events detected
at each of the three proposed sites and the Midelt station MDT. Figure 34 is a summary plot, with
all events from Sites 1, 2, and 3 plotted.

Site 1 Recorded Event Locations

R S e

<\’r/;waltar'

Western Sahara \

Figure 30. Events detected from proposed array Site 1. Note that event detectability is mainly in
the northem area of Morocco.
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Site 2 Recorded Event Locations
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Figure 31. Events detected from proposed array Site 2. This site, being centrally located, detects
mainly in an area surrounding the station, but a few events also in the north and the
south.
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Site 3 Recorded Event Locations
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Figure 32. Events detected from proposed array Site 3. Site 3 detects many events both locally and
elsewhere in Morocco, giving good detection capability throughout the country.
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MDT Recorded Event Locations
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Figure 33. Events detected from the Midelt station MDT. This station is very good, having
detected many of the events seen by Sites 2 and 3. Site 1 and MDT were not operational
at the same time. One reason for the excellent performance observed from MDT is that
the sensors, rather than being located on the surface, were located in a tunnel 100 meters

in from the entrance.
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All Recorded Event Locations
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Figure 34. Events detected from locations of Site 1 (brown), Site 2 (green), and Site 3 (blue).
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Discussion.

Signals detected from each of the proposed site locations were recorded on the vertical channels of
individual sensors, with the arrays used to determine the directions and confirm the validity of the
signals. The arrays were then used to determine the azimuth of the events and, in some cases, find
secondary phase in the coda. The parameter indicative of event detection capability for each
proposed location to the Moroccan seismic network is the areal coverage of events. The number
of events detected at each site is a function of distance from active areas and the number of days
the sensor was operational. From an operational perspective, spacial coverage will demonstrate
how well a site will add to overall network performance since, with good spacial coverage, the
station will contribute to more regional network station detections in all areas of Morocco. The
areal extent of coverage for signals at Site 3 is almost equivalent with that found at the vault at
MDT, even though the sensors at Site 3: (1) are at the surface and not protected nearly as well from
the wind as those at the MDT vault, and (2) are also further away from most of the seismic activity
than those at MDT. Beamforming at Site 3 will increase the signal-to-noise ratio by at least another
3 dB, and putting the sensors in boreholes will add at least 1 dB at 1 Hz, and more at higher
frequencies to the array capability. The thick sediments found at Site 3 will have the additional
effect of greatly attenuating the wind noise provided the boreholes are below the sediment layer
and in the competent hard rock (Young, 1996). Site 1 performs the poorest of the three sites on
areal coverage. This is due to the higher level of the background noise at this site which appears
as both cultural and due to the closer proximity to the coast than the other sites, and the fact that its
geographic location is not centrally located in Morocco. Site 1 would not assist in event formation
in the southern half of Morocco, as indicated by the event formation data. However, Site 1 does
pick up much of the aftershock activity from the recent large earthquake at Hocemia. From the
event data alone, one cannot determine which of Sites 2 or 3 would make the greatest contribution
to the internal Moroccan network. One has to look, additionally, at the noise data to determine the
site with the best potential performance.
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Comparison of the Attributes of Each of the Candidate Sites

Green (Best) Yellow (Neutral) | Red (Worst)

Table 7: Site Comparisons

Site Attribute Site 1 Site2 | Site 3

Location

Isolation from cultural noise

Comparable to NLNM at | Hz

Comparable to NLNM at 6 Hz

Event analysis results

Geology

Competent rock

Homogeneous geology

Accessibility

Existing roads to array location

Accessibility within array area .
Communications
Line-of-sight intrasite communications .
Power
Power availability .

Land Owner

Low risk to obtain access . .
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Attribute Comparison.

Attributes of the candidate sites are compared in Table 7. The attributes of an ideal site would be
one which exhibits low seismic noise, and uniformity of rock type and composition. The site
would be accessible via existing roads and allow for ease of data communications within the array
with no relay towers or high antenna masks required to transmit the data. Power would be readily
accessible and reliable. There would be no land ownership issues. For each of the characteristics,
each site was given one of three ratings. A green rating indicates the candidate site is comparable
to an ideal site for that characteristic. A yellow rating indicates a slight difference from the ideal
site for that characteristic, and a red rating indicates the greatest difference from the ideal.
Geophysical and geological considerations of the site are the most important and, therefore, listed
first under the headings of Location and Geology, followed by the logistical considerations of
accessibility, communications, power, and land ownership. Table 7 indicates that Site 3 compared
most favorably overall to these characteristics.

Conclusion.

The noise data summarized in Table 3 indicate that the existing station at MDT would outperform
an array put at Site 2. Comparing the three perspective sites only, the noise values at Site 3 indicate
that the noise value is the lowest of the three prospective sites. The event data indicate that Site 1
would not be a good candidate for an array station, due to the lack of event detection over the
southern half of Morocco.

Based on the technical analysis of the seismic data and the ensuing discussion of the other attributes
of the three potential sites in Morocco, we recommend Site 3 for the location of a new seismic array
in Morocco. Site 3, located approximately 40 km southeast of Boumalne-du Dades in the Anti-
Atlas Mountains, will provide the largest increase in detection and location capability for regional
and teleseismic signals in northwestern Africa. Of all the sites investigated, Site 3 has the
characteristics most closely matched to that of a quiet continental site, which is far away from both
the ocean and cultural noise. Due to the remoteness of this site, it is also unlikely that it will be
threatened in the future by additional cultural development.

References

Peterson, Jon (1993). Observations and Modeling of Seismic Background Noise, Open-File Report
93-322, US Department of Interior Geological Survey, Albuquerque, New Mexico.

Young, Christopher J., Eric P. Chael, Mitchell M. Withers, and Richard C. Aster (1996). A
Comparison of the High-Frequency (>1 Hz) Surface and Subsurface Noise Environment at
Three Sites in the United States, Bulletin of the Seismological Society of America, 86(5),
1516-1528.

Morocco Noise Survey Report 52




Distribution

US Embassy (1 copy)
Rabat, Morocco

Centre National Pour La Recherche Scientifique
Et Technique Laboratoire De Geophysique (CNRST) (4 copies)
Morocco

AFTAC/TT (3 copies)
Patrick AFB FL

AFTAC/CA (STINFO) (2 copies)
Patrick AFB FL

53 Morocco Noise Survey Report



(This page intentionally left blank.)

Morocco Noise Survey Report 54



Appendix A

Sensor Coordinates

For each of the three perspective sites, an array of sensors was set up. Each sensor had a

geographical position, which was important for determining the Frequency - Wavenumber (F-K)
information of the events seen. The sensor data are presented in this appendix in a series of tables.
The site location was taken as the location of the element with no offsets.

Table A-1: Site 1 Coordinates (Oujda Site)

Al e P [ e
1 not used
2 DO685 34°21°23.0” | 2° 35 28.9” 0.0000 0.0000
3 DA84 34°21710.17 | 2°35"45.8” -0.3984 -0.4309
4 DE14 34°217024” | 2°35 28.3” -0.6363 0.0153
5 DE13 34° 20" 46.2” | 2° 35 55.7” -1.1366 -0.6834
6 DE15 34°20°459” | 2° 35 37.0” -1.1459 -0.2065
Table A-2: Site 2 Coordinates (Midelt Site)
ooy | "mert | Lattude | w. Longiuce [ o Ofeet| East Ofset
1 DE14 32°41°04.0” | 5° 09 05.3” 0.0000 0.0000
2 DO685 32°41°16.0” | 5°09 09.3” 0.3706 -0.1040
3 GS13 32°40°'51.2” | 5°09 15.6” -0.3953 -0.2678
Table A-3: Site 3 Coordinates (Boumalne-du Dades Site)
oy [ "tremert | Latiuge | w. Longitude [ hortn Ot | et Ofel
1 DE15 31°16’51.2” | 5°35°38.9” 0.0000 0.0000
2 DO685 31°16"40.4” | 5° 35 51.3” -0.3336 -0.3273
3 DA84 31°16'56.9” | 5° 35 57.5” 0.1761 -0.4910
4 DE14 31°17°10.4” | 5° 35’ 46.2” 0.5930 -0.1927
5 DE13 31°17 00.5” | 5°35°19.2” 0.2872 0.5200
6 DA53 31°16’43.1” | 5° 35" 18.5” -0.2502 0.5385

Coordinates for the Midelt Vault site were taken from the literature as 32.8170° N, 4.6140° W.
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Appendix B
Calibration and Spectral Computation Methods and Results

The purpose of this appendix is to explain how the actual Guralp calib values were determined
from the Morocco data, and how we calibrated the Reftek GS13 system. Calibrating the Guralp
sensors was necessary in order to determine accurately the noise levels for all of the Morocco sites.
The procedure to determine the calib values was provided by Guralp Systems, Inc. The procedure
will be outlined in detail below for one Guralp data channel. The same procedure was followed
for all Guralp channels. For the example below, the vertical channel of the collocated Guralp at
site 3 was used.

To determine the theoretical calib values, we use the following equations:
(counts)/(m)/(s)= S/LSBout (M

Where S is the given sensitivity and LSBout is the least significant bit of the digitizer. Both are
defined below on a per instrument basis.

(counts/m)= ((counts)/(m)/(s))X2XTmX f (2)
In equation (2), we convert from velocity to displacement.
((counts)/(nm))= (counts/m)/(1.0e+ 09) (3)
Where in equation (3), we have converted from meters to nanometers.
((nm)/(count))= 1/((counts)/(nm)) 4)
Lastly, equation (4) takes the reciprocal to obtain the theoretical calib value.

To determine the actual calib values, we use the following equations from Guralp documents:
Vin= (Cinx2 x LSBin) &)
Equation (5) calculates the input voltage, Vin, where Cin is the input counts, 0 to peak, from the

input calibration, and LSBin is the least significant bit of the input channel (both are displayed in
Tables B-2 and B-1, respectively).

Vout= (Cout X LSBout) (6)

In equation (6), we have calculated the output voltage from the measured calibration. Cout is the
measured peak-to-trough output from the waveform in counts and LSBout is the least significant
bit which is provided for each sensor in Table B-1.

Current= ((Vin)/R) @)

In equation (7), the current is defined as the input voltage calculated in equation (5) divided by the
calibration resistor provided in Table B-1.

Acceleration= (Current)/K (®)
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In equation (8), the acceleration is defined as the current divided by K, the feedback coil constant
provided in Table B-1 for each sensor.

Velocity= (Acceleration)/(2X T X f) ©
Equation (9) converts from acceleration to velocity.
S= (Vout)/(Velocity) (10)

Equation (10) computes the instrument sensitivity, S, derived from the data by taking the output
voltage and dividing by the velocity from equation (9). We now convert the sensitivity to the
calibration constant using the next four equations.

(counts)/(m)/(s)= S/LSBout (1

Equation (11) is computed using the sensitivity from equation (10) divided by the least significant
bit.

(counts/m)= ((counts)/(m)/(s)) X2 XX f (12)

Equation (12) converts from velocity to displacement.
((counts)/(nm))= (counts/m)/(1.0e+ 09) (13)

Equation (13) converts from meters to nanometers.

((nm)/(count))= 1/((counts)/(nm)) (14)

Lastly, equation (14) takes the reciprocal to obtain the actual calib value.

An example using the above equations follows after Table B-1. The actual calibration value for
the calibs are given in Table B-2, column 7, and are compared with the nominal values in column
9. The maximum difference from the nominal approaches 6.5%.

Table B-1: Instrument Constants Provided by Guralp Systems

oo Calibration Feedb_ack
Sensitivity LSB Input LSB | "o o Coil

Instrument | Channel | (V/m/s) (uV/count) (uVIco.unt) (Ohms) Constant

S LSBout LSBin R (A/m/s?)
K

DE15/T3M21 BHZ 2,973 1.269 320.34 51,000 0.01756
DE15/T3M21 BHN 2,993 1.261 320.34 51,000 0.01848
DE15/T3M21 BHE 2,989 1.266 320.34 51,000 0.01831
DO685/T3K93 BHZ 2,957 1.272 320.50 51,000 0.01747
DO685/T3K93 BHN 2,965 1.277 320.50 51,000 0.01843
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Table B-1: Instrument Constants Provided by Guralp Systems (Continued)

s Calibration AR
Sensitivity LSB Input LSB | "o . ior Coil
instrument | Channel | (V/m/s) (uV/count) | (uV/count) Constant
s LSBout tsgin | (O | (e
K
DO685/T3K93 BHE 2,969 1.287 320.50 51,000 0.01849
DA84/T3F31 BHZ 2,927 1.274 323.88 51,000 0.01906
DAB84/T3F31 BHN 2,973 1.275 323.88 51,000 0.01921
DA84/T3F31 BHE 2,950 1.276 323.88 51,000 0.01924
DE14/T3M14 BHZ 2,971 1.270 322.43 51,000 0.01733
DE14/T3M14 BHN 2,987 1.261 322.43 51,000 0.0186
DE14/T3M14 BHE 3,019 1.267 322.43 51,000 0.0182
DE13/T3M20 BHZ 2,970 1.286 324 .52 51,000 0.01743
DE13/T3M20 BHN 2,998 1.273 324.52 51,000 0.01842
DE13/T3M20 BHE 2,996 1.269 324 .52 51,000 0.01822
DA53/T3F13 BHZ 2,951 1.275 323.59 51,000 0.01849
DA53/T3F13 BHN 3,001 1.279 323.59 51,000 0.01962
DA53/T3F13 BHE 3,122 1.277 323.59 51,000 0.01912

1. Divide the sensitivity, 2,973 V/m/s, by the LSB, 1.269 uV/count, to get 2,342,789,598
counts/m/s.

2. Multiply by 2*pi*f, f= 1 Hz, to get 1.472018118e+10 counts/m.

3. Divide by 1.0E+09 to convert to nanometers from meters, to get 14.72018118 counts/nm.

4. Take the reciprocal to obtain the theoretical calib value of 0.067934 nm/count.

Next, to determine the actual calib value:

1. Injecta 1 Hz sine wave calibration from the digitizer to the sensor.

2. Measure the maximum and minimum count values on the input data which consist of four
samples per second using an interpolation method described below and add the values to
obtain the total input count value. For this example, we get 24,076.2 counts.

3. To obtain the input voltage, multiply by 320.34 uV/count to get 7.712569908 V.

4. Measure the maximum and minimum count values from the output data channel. Add the
values to obtain the total output count value of 3,265,128 counts.

5. Multiply by 1.269 uV/count to get the output voltage of 4.143447432 V.
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6. Next, divide the input voltage, 7.712569908 V, by the calibration resistor, 51,000 Ohms, to
get 1.512268609e-04 Amps.

7. Then, divide by the Feedback coil constant, 0.01756 A/m/s/s, to get 8.612008026¢-03 m/s/s.

8. Divide by 2*pi*f, f= 1 Hz, to get 1.370643647¢-03 m/s.

9. Next, divide the output voltage, 4.143447432 V, by the velocity, 1.370643647¢-03 m/s, to
obtain the sensitivity of 3,022.993934 V/m/s.

10. Divide the sensitivity, 3,022.993934 V/m/s, by the LSB, 1.269 uV/count, to get
2,382,185,921 counts/m/s.

11. Multiply by 2*pi*f, = 1 Hz, to get 1.496771558e+10 counts/m.
ply by 27p

12. Divide by 1.0e+09 to get 14.96771558 counts/nm.

13. Finally, take the reciprocal to obtain the actual calib value of 0.066810 nm/count.

The actual calib value when compared to the theoretical calib value only yields a -1.655%

difference.

The calib values used for the noise calculations are given in Table B-2, column 7. Calibrations
were not successful at all sites. The calibrations used and the sites that they were taken at are given
in columns 4 and 10.

Table B-2: Calibration Values for Guralps
— Measured o
Volt: - i Site Output Calculated Differ:ence Nominal Calibration
Sensor | Channel 9 Amplitude Value (nm/ Value Used for
Counts Observed from .
2 (counts) count) : (nm/count) Sites
Cin Nominal
Cout

DE14 | 3m14Z 11980.5 1 3,250,312 0.068122 0.131 0.068033 1,3

DE14 | 3m14N 11946.2 1 3,070,118 0.067003 -0.277 0.067189 1,3

DE14 | 3m14E 12043.6 1 3,146,498 0.067359 0.847 0.066793 1,3

DE13 3m20Z 14440.5 1 3,831,213 0.069709 1.154 0.068914 1

DE13 | 3m20N 13744.8 1 3,695,609 0.065088 -3.686 0.067579 1

DE13 3m20E 15212.9 1 3,749,706 0.071781 6.481 0.067412 1

DE15 3m21Z 12038.1 1 3,265,128 0.066810 -1.655 0.067934 1,3

DE15 | 3m21N 12213.2 1 3,136,564 0.067048 -0.009 0.067054 1,3

DE15 3m21E 12784.3 1 3,157,497 0.070365 4.382 0.067411 1,3
DO685 | 3k93Z 124171 1 3,185,880 0.071027 3.745 0.068463 1,2
DO685 | 3k93N 11765.9 1 3,005,803 0.067619 -1.354 0.068547 1,2
DO685 | 3k93E 12329.4 1 2,990,183 0.070996 2.908 0.068990 1,2,3
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Table B-2: Calibration Values for Guralps (Continued)

Input Measured o
< - Output Calculated — Nominal Callbration
Sensor | Channel Voltagein Site Amplitude Value (nm/ Birteroxee Value Used for
Counts Observed from .
: (counts) count) - (nm/count) Sites
Cin P Nominal
out
DA84 3f312 no data NA no data nominal 0 0.069273 1,3
value
0.069273
DA84 3f31N no data NA no data nominal 0 0.068255 1,3
value
0.068255
DA84 3f31E no data NA no data nominal 0 0.068841 1,3
value
0.068841
DA53 3f13Z 12210.2 3 3,057,769 0.069418 0.951 0.068764 2,3
DA53 3f13N 12032.0 3 2,917,732 0.067560 -0.398 0.067830 2,3
DA53 3f13E 12705.4 3 3,135,778 0.068116 4.634 0.065099 2,3
DE13 3m202 14509.4 3 3,827,865 0.070103 1.725 0.068914 3
DE13 3m20N 14495.9 3 3,687,911 0.068789 1.790 0.067579 3
DE13 3m20E 14327.8 3 3,747,129 0.067651 0.355 0.067412 3
DO685 | 3k93Z 11889.2 3 3,190,707 0.067905 -0.815 0.068463 3
DO685 | 3k93N 12379.8 3 3,004,476 0.071178 3.838 0.068547 3
DO685 | 3k93E 11802.3 3 no data 0.070996 2.908 0.0689390 NA
DE15 3m21Z 12038.1 3 no data 0.066810 -1.655 0.067934 NA
DE15 3m21N 12213.2 3 no data 0.067048 -0.009 0.067054 NA
DE15 3m21E 12784.3 3 no data 0.070365 4.382 0.067411 NA
In the following table, we repeated the measurements on four separate calibrations for sensor
DE14/T3M 14, channel (BHN). From this analysis we determined the measurement error for
calibration.
Table B-3: Error Analysis Using Guralp Calibrations
Input Mgﬁu:d Calculated Nominal % Mean
Voltagein P Value Ditference | Calculated
Sensor |Channel Amplitude Value STD
Counts (counts) |(nm/count) (nm/ from Value (nm/
Cin count) Nominal count)
Cout
DE14/T3M14( BHN 11752.8 | 3,063,978 | 0.066051 | 0.067189 -1.694 NA NA
DE14/T3M14| BHN 11946.2 | 3,070,118 | 0.067003 | 0.067189 -0.277 NA NA
DE14/T3M14( BHN 12336.5 | 3,060,207 | 0.069417 | 0.067189 3.316 NA NA
DE14/T3M14| BHN 12463.2 | 3,070,086 | 0.069904 | 0.067189 4.041 NA NA
DE14/T3M14| BHN NA NA NA NA NA 0.068094 | 0.00186

Using the results from Table B-3, the non-systematic error is 2.732%, or 0.1171 dB. We had no
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